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Abstract—A universal, mixerless millimeter
Doppler radar architecture consisting of simp
Wave (CW) source and an intensity detector 
interferometry technique has been assemb
information is obtained by using an oscillatin
reference arm, similar to that used by the
Transform Infrared spectroscopy) technique
mirror oscillates at a frequency that is highe
Doppler frequency of the object. Rigorou
formulas have been derived to solve for both th
the phase of the Doppler signal, by using the
Band (LFB) and High-Frequency-Band (HF
Doppler frequency signature of a moving objec
from the Fourier transform of the phase. A pro
was built and tested using a ball pendulum targ
full-swing distance much smaller than a wave
measured amplitude and phase have been sho
with the experimental parameters. The interfer
radar architecture is universal and can be e
without significant change of components. 
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I.  INTRODUCTION 
Doppler sensors have been extensively in

microwave [1-4] and optics [5-7] range. 
frequencies, Doppler sensors are usually real
use of quadrature mixers. Microwave devices
lower sensitivity (micrometer displacements) 
counterparts. High-frequency optical senso
alignment and diffraction loss due to surfac
thus not best suited for detection of c
Furthermore, optical wavelengths cannot p
opaque cover materials such as fabrics, plasti
layers on many common targets of interest. To
advantages provided by both low-frequency 
high-frequency optics, quadrature mixer based
radar has been recently studied for vibrom
monitoring of vital signs [8-9]. Here we invest
mixerless millimeter wave Doppler radar, b
interferometry technique by using a CW 
intensity detector. The Doppler radar employs 
mirror in the reference arm. The detected 
coherent addition of the reference beam a
signal, which features a fast reference modu
modulation induced by the object. We have d
mathematical formulation to solve for both th
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B. Fundamental Principle 
Mathematically, the intensity detector measures the 

combined reflected signal from the object ( )tEobj  and the 

reference beam ( )tEref , 

( ) ( ) ( ) ( ) ( ) ( )tj
ref

tj
objrefobj

refobj eaetatEtEtE φφ +=+=   
 
(1) 

where ( )taobj  and refa are the amplitudes of the reflected 
signal and the reference beam respectively. The corresponding 
phases are ( )tobjφ  and ( )trefφ , respectively. The detected 
intensity is thus given by 

( ) ( ) ( ) 222
refobj atatEtI +==  

( ) ( ) ( )[ ]tttaa objrefobjref φφ −+ cos2
                          

(2) 

C. LFB and HFB Signals 
The intensity signal given in Eq. (2) can be separated into 

LFB (Low-Frequency-Band) and HFB (High-Frequency-Band) 
signals. To illustrate this, let us decompose the reference phase 

( )trefφ  into Fourier series, 

( ) ( )∑
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=
+=

1
0 cos

m
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Substituting Eq. (3) into the last term in Eq. (2), one gets 
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where Jacobi-Anger expansion has been used to derive Eq. (4). 
0J is Bessel function of the first kind of order 0 and

( ) ( ) 0
~ φφφ −= tt objobj .

 
1) LFB signal 

The LFB signal from Eq. (4) is given by 
( ) ( ) ( )[ ]

LFBobjrefobjref tttaa φφ ~cos2 −
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Hence, the intensity given in Eq. (2) has the approximate 
LFB signal of 
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2) HFB signal 
The HFB signal of the following term in Eq. (2) is given 

by 
( ) ( ) ( )[ ]
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from which we obtain the approximate amplitude of the HFB, 
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D. Ampitude and Phase 
The amplitude and phase of the object can be solved from 

the LFB signal in Eq. (6) and HFB signal in Eq. (8), 

( ) ( ) 02 =++ CtBxtx cc                           (9) 

where we have the following definitions: 
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The variable ( )txc  can be solved from Eq. (11), 

( )
2

42 CBBtxc
−±−=                     (11) 

Combining Eq. (9) and Eq. (11), we obtain the amplitude 
and phase 
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E. Doppler Signature 
After we obtain the complex-valued reflected Doppler 

signal complex field (amplitude and phase), we can analyze 
the Doppler frequency signature of the moving object. The 
Doppler frequency ( )tfDoppler  from the carrier frequency f is 
given by 

( ) ( ) f
c
tvtfDoppler 2=                                 (13) 

where ( )tv  is the object velocity and c is the speed of light. 
The Doppler frequency is closely related to the phase ( )tobjφ  

of the reflected signal for the object displacement ( )tx , 

            ( ) ( ) ( )
dt

tdx
dt

td
tf obj

Doppler λ
πφ 4==                             (14) 

where λ  is the carrier wavelength. Eq. (14) has taken into 
account the round trip of the carrier wave. 

III. EXPERIMENTAL RESULT 

A. Experimental Description 
To test the performance of the proposed interferometric 

Doppler radar, we built a 94 GHz prototype using a Gunn 
oscillator as source and a Schottky Barrier (SB) diode as 
intensity detector. The reference mirror is oscillating at a 
frequency of 200 Hz with displacement amplitude of 

03.0≈mirrorA mm, which is much smaller than the wavelength 
of 2.3≈λ mm. This corresponds to the following parameters 

in Eq. (4): ( ) ,0588.0,1181.04
111 ≈≈= cJAc mirror

λ
π

( ) ( ) ...3,2,1,1,0...;4,3,2,0 01 =≈≈=≈ mcJcmcJ mmm . During 
the experiment, a swinging ball pendulum with length 

cm 15≈L  was used as the moving object, giving a swing 

frequency of 286.18.9
2
1

2
1 ≈=≈

LL
gf pendulum ππ

Hz. The 

full swing distance of the pendulum was set to
mm 25.0=pendulumD , much smaller than the carrier wavelength 

of 2.3≈λ mm. 

B. Experimental Result and Analysis 
A sample segment of the measured intensity ( )tI  is shown 

in Fig. 2. The signal before approximately 45s was collected 
with the reference mirror oscillating at 200 Hz. The reference 
mirror is kept stationary after approximately 45s. Fig. 3 shows 
the close up of a small segment of the measured intensity ( )tI  
shown in Fig. 2. The 200 Hz modulation is evident before 
approximately 45s with no modulation when the reference 
mirror ceased to oscillate after approximately 45s. 

The LFB signal given in Eq. (6) and HFB signal given in 
Eq. (8) are shown in Fig. 4a) and Fig. 4b) respectively. 

 
Figure 2.  Measured intensity ( )tI for a ball pendulum of small amplitude. 

 
Figure 3.  A zoom view of a small segment of ( )tI in Fig. 2 to show the 200 
Hz modulation of one single cycle for approximately t < 45 seconds.

 

(a) 



 
(b)  

Figure 4.  a) LFB signal from Eq. (6), and b) HFB signal from Eq. (8). 

With LFB and HFB signals now available, the amplitude 
and phase can be obtained by solving Eq. (9) to Eq. (12) with 
the results shown in Fig. 5. The displacement amplitude of the 
object ( )taobj  is shown in Fig. 5a), which has a mean value of

( ) 0028.0=taobj . Fig. 5b) shows the displacement phase of the 

object ( )tobjφ . The full-swing phase, i.e., difference between 

phase maximum ( )
max

tobjφ and phase minimum ( )
min

tobjφ , is 

°≈ 58 , which corresponds to a full-swing distance of 
2571.0≈measuredD mm, agreeing well with the experimentally 

set swing value of 25.0=pendulumD mm. The Doppler 
frequency signature can be obtained by taking the Fourier 
transform of ( )tobjφ given in Fig. 5b). The result of the 
transformation is shown in Fig. 6. The measured pendulum 
frequency is 275.1≈measuredf Hz, agreeing well with the 
theoretically calculated value of 286.1≈pendulumf Hz. Finally, 
the sensitivity of the 94-GHz prototype was determined to be 
~5 degrees, which corresponding to ~45 µm displacement 
accuracy. 

IV. DISCUSSION 
The interferometric Doppler radar architecture described 

above is universal in that it can be implemented over the entire 
mmW to THz range. Although a mmW (94-GHz) prototype 
was built to perform proof of concept study of this novel 
interferometric Doppler radar architecture, a THz prototype can 
readily be built by replacing only the CW source and the 
intensity detector. For example, as THz source either a 
Backward Wave Oscillator (BWO) or a THz Quantum Cascade 
Laser (QCL) could replace the mmW Gunn Oscillator and as 
intensity detector either a pyroelectric detector or a Hot 
Electron Bolometer (HEB) can be used. The mmW/THz  

 
(a) 

 
(b) 

Figure 5.  a) amplitude ( )taobj , and b) phase ( )tobjφ . 

 
Figure 6.  Doppler signature: Fourier transform of ( )tobjφ given in Fig. 5.  



interferometric Doppler radar has many applications, including 
vibration/displacement measurement (down to few µm), 
coating/thin film thickness measurement, dielectric constant 
characterization, phase-sensitive chemicals spectroscopy and 
phase-contrast Non-Destructive Evaluation (NDE) of dielectric 
materials. 

V. CONCLUSION 
We studied a universal, mixerless interferometric Doppler 

radar architecture employing a CW source and an intensity 
detector. A motorized oscillating reference mirror is used to 
modulate the intensity at a frequency higher than twice the 
object’s Doppler frequency. A rigorous mathematical 
formulation was derived to extract both the amplitude and the 
phase of the Doppler signal by decomposing the measured 
intensity into LFB and HFB signals. A 94-GHz prototype was 
built and tested using a ball pendulum target with a full-swing 
distance much smaller than the carrier wavelength. The 
measurement results were shown to agree well with the 
experimentally adjusted parameters such as pendulum 
frequency and full-swing distance. It is expected that this novel 
Doppler architecture can be readily extended to the THz range 
for a wide range of remote sensing applications requiring 
phase-sensitive measurement. 
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